ituitary adenomas account for 12%-15% of symptomatic intracranial neoplasms. 35 Although their prevalence in the general population is high-15% according to autopsy studies and 23% according to radiological studies 11 -only a minority cause symptoms and require treatment. The most common and earliest symptom is visual impairment, caused by tumor growth that leads to compression of the anterior visual pathways, specifically the optic chiasm. Despite ample experience of treatment by tumor resection, which leads to visual recovery in the ABBREVIATIONS AD = axial diffusivity; DTI = diffusion tensor imaging; FA = fractional anisotropy; HRP = high-pass resolution perimetry; MD = mean diffusivity; OT = optic tract; RD = radial diffusivity; ROI = region of interest; SIPAP = suprasellar, infrasellar, parasellar, anterior, and posterior; VFD = visual field defect. METHODS Twenty-three patients with pituitary adenomas, scheduled for transsphenoidal tumor resection, and 20 healthy control subjects were included in the study. A minimum suprasellar tumor extension of Grade 2-4, according to the SIPAP (suprasellar, infrasellar, parasellar, anterior, and posterior) scale, was required for inclusion. Neuroophthalmological examinations, conventional MRI, and DTI were completed in all subjects and were repeated 6 months after surgery. Quantitative assessment of chiasmal lift, visual field defect (VFD), and DTI parameters from the optic tracts was performed. Linear correlations, group comparisons, and prediction models were done in controls and patients. RESULTS Both the degree of VFD and chiasmal lift were significantly correlated with the radial diffusivity (r = 0.55, p < 0.05 and r = 0.48, p < 0.05, respectively) and the fractional anisotropy (r = -0.58, p < 0.05 and r = -0.47, p < 0.05, respectively) but not with the axial diffusivity. The axial diffusivity differed significantly between controls and patients with VFD, both before and after surgery (p < 0.05); however, no difference was found between patients with and without VFD. Based on the axial diffusivity and fractional anisotropy, a prediction model classified all patients with VFD correctly (sensitivity 1.0), 9 of 12 patients without VFD correctly (sensitivity 0.75), and 17 of 20 controls as controls (specificity 0.85). CONCLUSIONS DTI could detect pathology and degree of injury in the anterior visual pathways that were compressed by pituitary adenomas. The correlation between radial diffusivity and visual impairment may reflect a gradual demyelination in the visual pathways caused by an increased tumor effect. The low level of axial diffusivity found in the patient group may represent early atrophy in the visual pathways, detectable on DTI but not by conventional methods. DTI may provide objective data, detect early signs of injury, and be an additional diagnostic tool for determining indication for surgery in cases of pituitary adenomas. 
majority of cases, 17, 25, 26, 31 there is no diagnostic tool that provides objective data about visual pathway injury to guide the treatment decision.
Standard clinical assessment of the compressive effect of pituitary adenomas is based on conventional MRI and neuroophthalmological examination. Conventional MRI will determine the size of the tumor and its relation to surrounding structures, but cannot detect functionality and possible microstructural injury of the visual pathways. Although the neuroophthalmological test battery is sensitive to visual impairment, the majority of the tests, including the visual field examination, suffer from subjectivity because the results are based on patient performance. Furthermore, the specific cause of visual impairment may be difficult to determine in the presence of another ophthalmological pathology, such as glaucoma or macular degeneration. In this study, the use of diffusion tensor imaging (DTI) as an objective tool for detection of injury of the anterior visual pathways was assessed.
DTI is an MRI technique that enables quantification of the integrity of the neural pathways, based on the amount and the directionality of water diffusion. 2 The degree of directionality of diffusion, often expressed as fractional anisotropy (FA), depends primarily on the parallel organization of the axonal membranes, which has been shown to restrict diffusion. 3, 4 Previous studies in animal models with induced nerve injury have concluded that demyelination will lead to an increase of the diffusion perpendicular to the axons (radial diffusivity [RD] ), whereas the diffusion parallel to the axons (axial diffusivity [AD] ) is unaffected. Furthermore, an axonal degeneration will lead to a decrease of AD, along with little change in RD. 3,16 ,29, 30,34 An increase in RD and/or a decrease in AD will result in a decrease in FA. Thus, anisotropy can be useful for detecting white matter changes, and the specific diffusivities (radial and axial) may be used to specify the type of pathology.
The aim of this exploratory study was to assess the ability of DTI to detect and grade injury in the anterior visual pathways-specifically the optic tracts (OTs)-in patients with pituitary adenomas. First, correlation between DTI parameters and neuroophthalmological outcome was assessed. Second, the ability to detect injury by DTI parameters alone was tested, by group comparisons and prediction models. The ultimate goal was to determine whether DTI can be used for objective and quantitative assessment of the anterior visual pathways in cases of pituitary adenomas, during follow-up, and in the process of determining indication for surgery.
Methods

Patients and Control Subjects
Twenty-three patients with pituitary adenomas, scheduled for transsphenoidal tumor resection, were included (age range 28-70 years, mean 52 years; 14 men) ( Table 1) . Inclusion criteria were age between 25 and 70 years, suprasellar tumor extension of Grades 2-4 according to the suprasellar, infrasellar, parasellar, anterior, and posterior (SIPAP) grading system, 10 no other known visual impairment (apart from refractive errors), and no other known intracranial pathology, including significant trauma. The patients were included consecutively between April 2012 and August 2015 at the Sahlgrenska University Hospital. DTI, conventional MRI, and neuroophthalmological examinations were performed before and 6 months after surgery. Patients who were enrolled for and underwent surgery within 3 weeks could not be included in the study due to time constraints, because the study examinations were done separately from the clinical ones. Two patients declined to participate in the study.
Twenty healthy subjects with normal vision (apart from refractive errors) were included as controls (age range 30-61 years, mean 44 years; 7 men) and underwent MRI, including DTI. All subjects except 2 underwent a standardized neuroophthalmological examination that confirmed normal vision. The remaining 2 subjects reported normal vision.
The study was approved by the regional ethical board of the University of Gothenburg and was performed according to statutes of the Declaration of Helsinki. Informed oral and written consent was obtained from all subjects prior to inclusion in the study.
Neuroophthalmological Examination
The neuroophthalmological evaluations were performed by an experienced neuroophthalmologist (B.L.), including tests for visual acuity, ocular pressure, fundus photography, and perimetry. The latter was performed using high-pass resolution perimetry (HRP) (HighTech Vision), 14 which is a well-documented computerized test that is known to be comparable with conventional perimetry in cases with chiasmal syndrome. 13 In HRP, also known as ring perimetry, rings of varying sizes appear on a screen in 50 different locations. The ring diameter is varied in steps of 0.1 log 10 units (dB). In a normal visual field, there is a gradual increase in detected ring sizes from the center to the periphery. In addition to the threshold values in the individual test points, the test provides quadrant scores, that is, mean thresholds for each visual field quadrant (measured in dB) (Fig. 1) .
Pituitary adenomas that cause compression of the visual pathways typically first affect the upper temporal quadrant of the visual field, whereas the nasal quadrants are relatively spared. To quantify the perimetry results, the difference between the temporal and the nasal quadrant scores were calculated (temporal minus nasal), hereafter expressed as degree of visual field defect (VFD). By applying this method, each subject was made his or her own control, which was useful due to the known interindividual variability of normal perimetry results. Because VFD is the first symptom of tumor compression in most cases, the degree of VFD alone was used as a measure of visual impairment. 12 For the purpose of group analysis (see below), the patient group was dichotomized into patients with and without VFD before surgery, based on the clinical evaluation by the neuroophthalmologist.
MRI Protocol
MRI was performed on a Philips Achieva 1.5T scanner. During the study, a hardware and software upgrade was performed, including change from analog to digital radiofrequency coils and software release change from 3.2 to 5.1. Before the upgrade, an 8-element SENSE head coil was used and after the upgrade, a 15-element SENSE head coil was used (Philips). During the scans, subjects' heads were firmly supported with cushions to reduce head motion.
A T1-weighted 3D image of the brain was acquired using a turbo field echo scan with isotropic voxel size of 1 mm 3 . The SENSE factor was 1.4 in the anteroposterior direction and 2 in the right-left direction.
DTI of the whole brain was performed with the following parameters: single-shot spin echo planar imaging with echo time 69 msec, axial slices, SENSE factor 3.2, half-scan factor 0.712, isotropic 2.2 × 2.2 × 2.2-mm voxels, b = 0 sec/mm 2 (18 signals averaged) plus 32 diffusionsensitizing gradient directions (b = 800 sec/mm 2 , 3 signals averaged), and phase encoding in the anterior-posterior direction (bandwidth 17.2 Hz/mm). The reconstructed inplane resolution was 1.9 × 1.9 mm.
All images were angulated and positioned to be parallel to the lower boundary of the corpus callosum in the sagittal view, and perpendicular to the plane of symmetry of the brain in the coronal view. The scan time was 16 minutes.
To ensure that the MR system upgrade did not affect the DTI results, 1 subject was scanned 6 times before and 6 times after the upgrade. DTI parameters from the 2 measurement occasions were compared, with focus on the OTs, resulting in no significant differences.
Chiasmal Lift
To quantify the degree of chiasmal lift by a pituitary adenoma, anatomical structures that are fairly constant in interindividual shape and location may be selected as references. Frisén and Jensen compared different such reference structures and found that the bulbopontine height correlated well with visual impairment. 15 This measurement is defined as the perpendicular distance between the inferior aspect of the chiasm and the sagittal line between the dorsal-most aspect of the olfactory bulbs and the pontomesencephalic junction (Fig. 2) . In the present study, the bulbopontine height was measured in the preoperative T1-weighted scans of all patients.
DTI Analysis
The Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library (FSL) was used for the data postprocessing (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The voxels of the diffusion images were interpolated to an isotropic size of 1 mm 3 using a sinc-like spline interpolation (FLIRT). 19 Eddy current and motion correction was then performed by affine registration to the b = 0 image. 19 The DT was calculated in each voxel within the brain using the diffusion toolbox in FSL. To characterize the anisotropy of the diffusion in each voxel, FA was calculated based on the eigenvalues of the DT.
With the goal to extract DTI parameters from the bilateral OTs in each subject, the following method was used for region of interest (ROI). The skeleton algorithm in tract-based spatial statistics was applied on each FA map, keeping the original space of each individual's FA map. 28 Voxels with FA < 0.2 were omitted from the resulting FA skeleton to exclude voxels that were mainly gray matter or CSF. The anterior limit for the ROI was defined as the most posterior coronal slice of the optic chiasm, which was identified by visual inspection of the color-coded FA maps. Posterior to the anterior limit, the OTs could be clearly identified in 15 continuous coronal slices in all subjects; thus, the length of an OT ROI was set to cover this 15-mm anterior-posterior distance (Fig. 3) .
A maximum of 2 voxels of the FA skeleton was selected per coronal slice. When the OT was represented by > 2 voxels per coronal slice, 2 voxels with high FA representing the middle of the tract were selected by visual inspection. When the OT was represented by a single voxel, only this voxel was selected. When the OT was not represented by any voxels in a coronal slice, 2 voxels representing the middle of the tract were selected by visual inspection of the b = 0 image. The latter was the case in 12 of the patients' scans (15 of 88 OTs), where ≥ 1 (12 OTs) coronal slices of the OT were not included in the FA skeleton.
Statistical Analysis
For the statistical analysis, the OT ROIs were divided into 3 smaller ROIs (ROIs 1, 2, and 3), because the microstructural changes (including the DTI parameters) may vary at different distances from the optic chiasm. Each ROI consisted of voxels from 5 adjacent coronal slices (Fig. 3) . The 3 ROIs were analyzed separately.
Correlation Analysis
The correlation between chiasmal lift and degree of VFD, as well as chiasmal lift and the mean of the DTI parameters within each ROI, were analyzed using Pearson's correlation coefficient. A summarizing test for the association between degree of VFD and the mean of the DTI parameters within each ROI was also conducted, taking into account the fact that 2 pairs of data originated from the same subject (bilateral visual fields and OTs). Corrections for multiple comparisons were made by interpreting the individual tests as significant only if the corresponding summarizing test was significant.
Group Comparisons by Mixed Model
The subjects were divided into 5 groups to test for differences among DTI parameters in the OTs: 1) controls, 2) patients with VFD before surgery, 3) patients without VFD before surgery, 4) patients with preoperative VFD after surgery, and 5) patients without preoperative VFD after surgery. A mixed model was used for comparison of groups due to within-subject dependence, including repeated scans in the same subject (before and after surgery) and multiple data points from each subject, originating from the bilateral OTs as well as from multiple voxels within each ROI. The results were adjusted for age, assuming a linear change in outcome with age within each side and ROI. Pairwise comparisons of groups were made, adjusting confidence intervals and p values within each ROI for multiple comparisons using the Tukey-Kramer method.
Classification by Prediction Model
A prediction model using logistic regression was constructed to test the capability of DTI parameters to correctly classify a subject as a patient (before surgery) or as a control. The means of each of the 4 DTI parameters per ROI were included as potential predictors, resulting in 12 candidates. Forward selection was used to identify the combination of predictors with the best discriminative ability, and the model with the smallest Akaike information criterion value was selected. The procedure was performed for models using 2, 3, and 4 predictors. Models using more predictors were disregarded because they resulted in higher Akaike information criterion values and to prevent overfitting due to the limited number of subjects. Leave-one-out cross-validation was performed to validate and compare the models. The best model was selected based on cross-validation results, statistical significance of included predictors, as well as the lack of strong correlations between included predictors.
Results
Preoperative and Postoperative Neuroophthalmology
Eleven of the 23 patients had pathological visual fields before surgery. Five of the patients with VFD also had impaired visual acuity (defined as < 0.8). All patients with VFD improved after surgery, although 4 patients had remaining VFD at the evaluation 6 months after surgery. Three patients showed clinical signs of optic nerve atrophy, which remained unchanged after surgery (Table 1) .
Statistical Analysis
In contrast to the statistical results based on DTI parameters from ROIs 2 and 3, none of the statistical analyses had significant results when DTI parameters from ROI 1 were included. Results from ROI 1 are therefore not further presented.
Correlations Among DTI Parameters, VFD, and Chiasmal Lift
There was a significant positive correlation between degree of chiasmal lift and VFD (r = 0.72, p = 0.0001). Furthermore, there were significant positive correlations between RD and degree of VFD (r = 0.55, p < 0.05) and chiasmal lift (r = 0.48, p < 0.05), negative correlations between FA and degree of VFD (r = -0.58, p < 0.05) and chiasmal lift (r = -0.47, p < 0.0.5), but no significant correlations with AD (Fig. 4 , Tables 2 and 3 ). The correlations reported in this paragraph correspond to those of ROI 3; similar correlations or trends toward correlations were also seen in ROI 2. There were no significant correlations with AD for VFD or chiasmal lift in any of the ROIs. In general, the correlations between DTI parameters and degree of VFD were stronger than those between DTI parameters and chiasmal lift. The results revealed 2 suspected outliers: Case 18 (a patient with preoperative VFD) and Case 23 (a patient without preoperative VFD) (Fig. 4) . Visual inspection of the scatter plots suggests that Case 18 is an extreme example regarding both chiasmal lift and degree of VFD, although following the direction of the slope based on the other patients. The results of Case 23, on the other hand, do not follow the slope and show a different relationship between DTI parameters and degree of VFD/chiasmal lift compared with the other patients. The reason is unknown; no obvious assessment errors could be found. Correlation analyses excluding 1 or both of the outliers were performed to test their effect on the results. Upon exclusion of Case 18, all significant correlations disappeared.
The exclusion of Case 23 led to stronger correlations and smaller p values. The exclusion of both outliers produced results similar to the original ones (that is, with both cases included).
Group Comparisons by Mixed Model
There were significant differences in AD between controls and patients with VFD (p < 0.05), both before and after surgery (ROI 3). There were no significant differences in AD between the 2 patient groups (patients with and without VFD) or between the controls and patients without VFD. There were significant differences in FA between controls and patients with VFD before surgery (ROIs 2 and 3), but only a trend toward such a difference after surgery (p = 0.058, ROI 3). Before surgery, the patients with VFD had lower FA than all other groups, although this difference was only significant compared with the controls. Also, before surgery, there was a trend toward higher RD in the patient group with VFD compared with the controls (p = 0.073, ROI 3) ( Table 4) .
Comparisons based on mean diffusivity (MD) showed no significant differences or trends toward differences be- 
Prediction Model
The selected prediction model was based on AD from ROIs 2 and 3 and FA from ROI 3. The maximum correlation between included predictors in this model was 0.14. The model classified all patients with VFD correctly (sensitivity 1), whereas 17 of 20 controls were classified as controls (specificity 0.85). Nine of 12 patients without VFD were classified as patients (sensitivity 0.75). The robustness of the model, given by the cross validation, is presented in Fig. 5 .
Discussion
In this study, DTI parameters from the OTs in patients with pituitary tumors were shown to correlate with the severity of VFD. These changes in diffusion parameters (FA and RD) may reflect levels of demyelination caused by the tumor compression. A prediction model, based on AD and FA alone, could separate patients from controls with high sensitivity. The greatest difference between patients with VFD and controls was seen in AD, which may represent a presence of axonal degeneration.
VFD and Chiasmal Lift
We found a strong correlation between the level of visual field impairment and chiasmal lift by the tumor (correlation coefficient 0.72, p < 0.05). There are several possible measurement strategies for the quantification of both chiasmal lift and visual impairment. For this study, measurement methods resembling the ones defined by Frisén and Jensen were selected, which produced a correlation that was similar to theirs (Frisén and Jensen: r = 0.75, p < 0.05). 15 Schmalisch et al. measured the suprasellar extension of pituitary adenomas using a similar reference line, from the skull base, in search of objective data defining the risk of visual compromise. 27 They found a correlation between visual-impairment score and suprasellar extension, and defined a suprasellar cut-off for the emergence of visual disturbance (87% sensitivity, 72%-76% specificity).
Carrim et al. studied 19 patients with pituitary adenomas and quantified the level of chiasmal lift by measuring the distance between the chiasm and a reference line joining the 2 internal carotid arteries. 6 They found a significant correlation between chiasmal lift and VFD (r = 0.55), based on degree of central bitemporal visual field loss. Wang et al. also found relationships between tumor height and VFD, although on the basis of fairly course classifications: 3 levels of suprasellar extension and 4 levels of VFD. 33 It can be concluded that the suprasellar extension of the tumor alone can contribute to the objective assessment of visual impairment due to pituitary adenomas. However, the quantification methods suffer from inherent measurement errors, because the original position of the chiasm cannot be known once it has been affected by a tumor. Alternative anatomical landmarks have to be defined as reference points for measurement, and all such reference points have interindividual anatomical variabilities. In addition, other factors may play a role in the tumor effect on the anterior visual pathways, such as the duration of pressure and the exact point of pressure.
Visual Pathway Injury Due to Compression by Tumor
Several groups have studied the specific pathology caused by the external pressure by pituitary adenomas on the anterior visual pathways. Clinical follow-up studies of patients after tumor resection have reported at least 2 phases of visual recovery, which may correspond to the original mechanisms of injury: 1) an early phase that occurs within days after surgery, and 2) a later phase, within 1-4 months after surgery. 18, 21 A proposed explanation of the early recovery has been removal of conduction block and/or recovery of the cytoskeleton. The late recovery phase has been explained by remyelination, which is supported by studies in cats. Chronic compression of the cat optic nerve has been shown to lead to a gradual demyelination, in combination with partial axotomy. 7, 8 Cottee et al. also monitored nerve conduction after decompression, by means of implanted electrodes, and could observe a fast and late phase of recovery, concordant with the clinical studies. 8 Microscopic analysis revealed a remyelination that followed the time course of the late recovery phase. There was no recovery of the axons that had undergone axotomy. Based on these reports, the variations of radial and axial diffusivities shown in this study may be caused by varying degrees of myelination and axonal degeneration, respectively, in the patient group. The intracellular compartment does not appear to be significant in the contribution to anisotropy; thus, possible intracellular causes for visual impairment would not affect the DTI parameters.
4,5,32
Prediction Model
Several combinations of the 4 DTI parameters were assessed to construct a prediction model that could separate patients from controls. The most successful model was primarily based on AD in combination with FA (Fig. 5) . According to the animal-model studies discussed herein, a decrease of AD may be a marker for axonal degeneration. 3 The prediction model could thus reflect considerable differences in the level of axonal degeneration between the groups, in combination with more unspecific conditions affecting the anisotropy.
A certain level of axonal degeneration is likely in the group of patients with VFD, which could explain why the model classified all patients with VFD as patients. Local, less extensive axonal degeneration, in combination with demyelination, may be present in the group of patients without VFD, which may explain why 9 of the 12 patients without VFD could be classified as patients.
Kristof et al. studied visual outcome after resection of pituitary adenomas and observed that patients with a preoperative visual impairment improved postoperatively, but not to the level of patients with no preoperative visual impairment. 22 Thus, surgery may be indicated before visual impairment develops to prevent irreversible injury. For such a purpose, methods that can identify early signs of injury are required. A prediction model like the one described herein may be such a method; however, it should be tested and confirmed in larger study groups. A model combining DTI parameters with chiasmal lift (another objective measure) may be an alternative.
Axial Diffusivity
The group comparisons revealed significantly lower axial diffusivities in the patient group with VFD compared with the control group, both before and after surgery (Table 4), consistent with the significance of AD in the prediction model. The irreversible nature of axonal degeneration would explain why these group differences were seen both before and 6 months after surgery. In contrast, there was no significant difference in AD between the control group and the patient group without VFD before surgery, which may be explained by an absence of axonal degeneration in this patient group. However, a difference in AD would then have been expected between patients with and without VFD before surgery, but no such difference was found. These seemingly contradictory findings may be due to the limited number of subjects in this study, which could conceal subtler group differences.
According to the neuroophthalmological assessment, only 3 of the 11 patients with VFD had optic nerve atrophy (before and after surgery), and only 4 of the patients with preoperative VFD had a postoperative VFD. However, the results of both the group comparisons and the prediction model suggest a more extensive presence of axonal atrophy in the OTs of the patients. It is likely that the first signs of injury occur in, or close to, the part of the anterior visual pathway that is in direct contact with the tumor, such as the OTs, which may be detected on DTI but not by conventional diagnostic methods.
Radial Diffusivity
In the present study, an increase of VFD was correlated with an increase in RD and a decrease in FA. This change in DTI parameters may be the result of a gradual demyelination, concurrent with a worsening of visual field impairment (Fig. 4, Table 2 ). 3 The results are in accordance with previous work by Paul et al., who reported a positive correlation between RD and visual disability, based on an imaging study including 9 patients with compressive pituitary tumors. 24 The group comparisons herein revealed no significant differences in RD between any of the groups, although a trend could be observed between controls and patients with VFD before surgery. This trend disappeared after surgery, along with significant differences in FA before surgery between the same 2 groups. The difference in FA before surgery may be the result of a combination of affected axial and RD. The changes in RD and FA after decompressive surgery may be due to a remyelination and thus a normalization of the RD postoperatively.
Similarly, there were no significant differences in DTI parameters for the patient group with preoperative VFD before compared with after decompressive surgery, although all patients improved postoperatively with regard to visual field. However, although not statistically significant, some differences could be seen. After surgery, RD was lower and FA was higher, whereas there was almost no change in AD. Due to a limited study power, these results can neither confirm nor renounce a postoperative difference for patients with preoperative VFD. Reproduction of this study, with a larger patient cohort, would be of value.
In contrast to the results of the present study, Paul et al. reported significant differences in RD, and no differences in AD, in the OTs between 9 patients with compressive tumors and 9 controls. 24 They also reported a normalization of RD after surgery for the patients with compressive tumors. The inconsistencies between the present study and the study by Paul et al. may be due to the fact that both studies were based on relatively few patients, who may have differed from each other in levels and types of OT injury. Furthermore, the present study has concentrated patients with more severe tumor impact in a single group (that is, patients with VFD); this may have concentrated patients with axonal atrophy in 1 group, which could be the reason for the detection of AD as a significant outcome variable. Also, the statistical methods used in the 2 studies differ; the machine-learning method used by Paul et al. may be more sensitive to small differences, but may also be more prone to overfitting.
ROI Selection
In most cases of pituitary adenomas, the optic chiasm is the first part of the visual pathway that is subject to pressure. However, in this study, the OTs were selected for analysis rather than the optic chiasm, due to the following reasons. The regular adult chiasm is a small structure (mean height 3 mm, mean width 5 mm) relative to regular DTI voxel sizes of approximately 2 × 2 × 2 mm 3 . 23 The height of a compressed chiasm will often fall below the size of a voxel, and thus lead to increased partial volume effects in the voxels, as diffusivities from the surrounding CSF are included.
Anik et al. studied the effect of pituitary macroadenomas on the optic chiasm, in a retrospective DTI study including 72 patients. 1 They reported a significant decrease in FA in the chiasm with increasing severity of VFD. However, according to the reasoning above, this decrease in FA may partly be due to increased partial volume effects in the ROI voxels from which data were extracted.
Furthermore, the standard DT model (that is, a secondorder tensor model) used by Anik et al., as well as in the present study, may be poorly suited for the optic chiasm. In the optic chiasm, there are several different fiber directions, as fibers corresponding to different parts of the visual fields are reorganized. As a consequence, the DTI parameters in such voxels will be an average of several fiber orientations. Thus, the second-order tensor model that assumes 1 fiber orientation per voxel may be poorly suited for the chiasm, including the defined ROI 1 herein, but well suited for the parallel organization of the OTs.
Previous work by our group, as well as a study by Paul et al., has revealed a pattern of varying DTI parameter values along the length of the OTs with, for example, lower FA close to the chiasm and an increase of FA more posteriorly. 24 These changes in DTI parameters along the OT, as well as the inclusion of chiasmal voxels anteriorly, motivated the division into the 3 separate ROIs (ROIs 1, 2, and 3). Based on the current results, an OT ROI covering a section of the OT corresponding to ROIs 2 and 3 in this study may be suitable for similar DTI analyses in the future. There is no consensus on scan protocol or data analysis method for DTI, including DTI of the anterior visual pathways, although previous work has shown differences in results solely due to methodological variations. 20 In the present study, a magnetic field strength and scan protocol were selected with the aim to decrease influence of susceptibility artifacts while maintaining a high signal-to-noise ratio, with the potential to be performed and repeated in a clinical setting. The semiautomatic ROI model was carefully selected with the aim to correctly include the OTs and to avoid border-zone voxels, with as little measurement-dependent variability as possible.
Limitations of the Study
Results from the visual field assessment by HRP were used as a gold standard in the study, for both correlation tests and for the dichotomization into 2 patient groups, the latter in combination with clinical evaluation. The variability of perimetry results due to the subjectivity of patient performance has been discussed previously in this article. The subjectivity leads to a risk of misgrading and misclassification of patients, which may have affected the results of this study.
Each OT was divided into 3 ROIs based on number of voxels. However, the corresponding ROIs in each subject will not represent exactly the same part of the OT, due to interindividual anatomical differences such as lengths and thicknesses of the OTs.
The correlations showed that all patients except 1 (Case 23) followed specific patterns of DTI parameter values for their respective groups. There was no apparent reason for the deviating values of Case 23.
Preoperative optical coherence tomography of the retinal nerve fiber layer has been demonstrated to be predictive of postoperative visual outcome after decompressive surgery of pituitary adenomas 9 and may thus provide useful preoperative information. However, optical coherence tomography was not included in the current study protocol because it was not available at our research facility at the start of this study.
Conclusions
DTI was able to detect pathology and degree of injury in the anterior visual pathways that were compressed by pituitary adenomas. Correlations were found between DTI parameters (FA and RD) and the severity of VFD. Our prediction model, based on AD and FA alone, could separate patients from controls with high sensitivity. DTI may provide objective data, detect early signs of injury, and be an additional diagnostic tool for determining indication for surgery in cases of pituitary adenomas. The results of this study should be confirmed in a larger patient cohort.
